It has been found that in the etching of SiO 2 using CHF 3 in an inductively coupled plasma reactor of the planarized coil design, a thin steady state fluorocarbon film can play an important role in determining the rate of etching. This etching is encountered as the amount of bias power used in the SiO 2 etching process is increased, and a transition from fluorocarbon film growth on the SiO 2 to an oxide etching rate which is consistent with reactive sputtering theory is made. The observed presence of an intermediate region where etching occurs, although a steady state fluorocarbon film suppresses the etch rate from that expected for a reactive sputtering process, has been referred to as the fluorocarbon suppression regime. This work demonstrates the role of the steady state fluorocarbon film present on silicon dioxide during etching within the fluorocarbon suppression regime. X-ray photoelectron spectroscopy studies of the surfaces of partially etched SiO 2 have shown a thinning of this film with increasing rf bias power, as well as a decrease in the fluorine content of the surface film as a function of increasing rf bias power. We have found that slight variations in the film thickness, on the order of 1 nm, can result in large variations, approximately 400 nm/min, in the silicon dioxide etch rate. The presence of the film within the suppression regime appears to be due to the overwhelming polymerization ability of high density plasmas, coupled with the inability of the oxide to react sufficiently with the total fluorocarbon particle flux in order to completely remove this film. For this reason these types of reactors exhibit a regime where oxide etching occurs in the presence of a surface film. The film appears to be directly responsible for the observed suppression of the oxide etch rate from that expected for a reactive sputtering process by dissipating the bombarding ion energy, and thereby suppressing the energy flux arriving at the oxide surface.
I. INTRODUCTION
High density plasma ͑HDP͒ tools are currently being developed for use in semiconductor manufacturing. One important application of such tools is in the etching of contact holes through silicon dioxide insulating films to polycrystalline or crystalline silicon underlayers. For such processes a high etch selectivity of SiO 2 to Si is required for submicron dimensions with high aspect ratios. One such tool that has shown promising applicability to such processes is the inductively coupled plasma ͑ICP͒ reactor of the planarized coil design.
1 This has been referred to as a spiral coupler, 2 transformer coupled plasma ͑TCP͒ reactor, 3 and radio frequency inductively ͑RFI͒ coupled discharge 4 in other literature. Work done by Oehrlein et al. 5 using an electron cyclotron resonance ͑ECR͒ high-density plasma etching tool has shown that the etching mechanism for SiO 2 in that tool is quite different depending on what DC self-bias voltage is developed during the etching process. These investigators have identified three distinct etching regimes and have labeled them the fluorocarbon film deposition regime, the fluorocarbon suppression regime, and the oxide sputtering regime. Because the plasma density of our device is very similar to that obtained in the ECR ͑ϳ10 12 /cm 3 ), but the ICP operating pressure range is approximately one order of magnitude higher than that of the ECR system, it is important to investigate and understand the details of the ICP silicon dioxide etching process. We will demonstrate in this work the general oxide etching behavior of the ICP over a pressure range of 6-20 mTorr using a CHF 3 plasma. We will also present data concerning the fluorocarbon deposition and etching process for the same parameters. In particular, we will present a detailed study of the steady state fluorocarbon film that appears to be present within the fluorocarbon suppression regime, including a discussion of its role in the oxide etch mechanism within this regime. So far the quantitative details of this process are not well established.
II. EXPERIMENT A. Experimental system
Our ICP is similar to the apparatus that was described by Keller et al. 6 It consists of a vacuum chamber with a base pressure of 5ϫ10 Ϫ6 mbar which is obtained by the use of a 450 l /s turbomolecular pump. Figure 1 is a two dimensional schematic diagram of our ICP apparatus. The plasma is generated by inductive coupling of rf power at 13.56 MHz through a quartz window. Within the chamber, the plasma is contained inside a cylindrical region directly above the wafer chuck by an anodized aluminum magnet holder which is a a͒ Authors to whom all correspondence should be adddresed; Electronic mail: oehrlein@cnsibm.albany.edu NR1221@CSC.Albany.edu cylindrical barrier that hangs below the quartz coupling window. In all of the experiments outlined here, no magnets were present in this holder. Directly above the quartz window at atmospheric pressure is a planarized spiral coil with a geometry that allows for unidirectional instantaneous current flow on each side of a line that bisects the chamber. The current directions in the coil are always opposed across this line. Because of this geometry, the spiral coupling coil acts as the primary coil of a transformer. The secondary coil of this transformer consists of the induced electron current within the plasma. Due to the inductive nature of the power transfer into the plasma, very low plasma potentials are achieved. Therefore, sheath formation at grounded surfaces is minimized and ion energies are low ͑ϳ20 eV͒. There is always some capacitive coupling of the rf power to the plasma which can be controlled by tuning the matching network. 1,6,7 A more detailed analysis of the effects of the matching network on the plasma characteristics was reported by Schaepkens. 8 Wafer clamping is achieved by use of an electrostatic chuck that holds a wafer 125 mm in diameter. This chuck incorporates cooling fluid flow channels that allow for accurate chuck temperature control. It also contains gas entrance and distribution channels that allow a 5 Torr helium pressure to be maintained between the chuck surface and the backside of the wafer to ensure good thermal conductivity between the wafer and the cooled chuck. There is an additional port for the installation of a fluoroptic probe that can be used to monitor the wafer temperature directly. With the application of a 650 V dc chuck bias the 5 Torr helium backside pressure can be maintained with a helium leak rate into the chamber of less than 1 sccm. In our experiments we have maintained a wafer temperature of 10°C.
Thin film etch and deposition rates are monitored in situ by a He-Ne rotating compensator ellipsometer configured in a polarizer-compensator-sample-analyzer ͑PCSA͒ structure. Optical emission spectra are obtained using a fiberoptic cable which channels the photon emission into a spectrograph with a 147 g/mm grating blazed at 546 nm. This covers the spectrum between 250 and 850 nm. An optical multichannel analyzer ͑EG&G PARC model 1470͒ is then used to analyze the spectrum.
The ICP is attached to an ultrahigh vacuum ͑UHV͒ chamber network that allows the transfer of samples under vacuum to an analysis chamber where x-ray photoelectron spectroscopy ͑XPS͒ analysis can be performed. In these studies we used x-ray photon energies of 1253.6 eV obtained from a magnesium target. The photoelectron binding energy spectra were obtained using a hemispherical analyzer. Survey scans were obtained with a 50 eV pass energy and specific peaks of O͑1s͒, Si͑2p͒, F͑1s͒, and C͑1s͒, were obtained with a 20 eV pass energy.
B. Experimental outline
Silicon dioxide films of 550 nm thickness on crystalline Si were partially etched at pressures of 6.7 mTorr, 10 mTorr, and 20 mTorr using CHF 3 . The inductive power used was 1400 W. rf bias power was varied from 0 W to 250 W with the exception of one XPS sample that was processed at 475 W. By running an oxygen plasma, we started with a clean chamber and inductive power was provided to generate the plasma. At this point a fluorocarbon film began to deposit on top of the SiO 2 film. Within 10 s, the rf bias was provided and then tuned at approximately 250 W bias power and etching of the fluorocarbon film followed by the etching of SiO 2 was then recorded with ellipsometry. As time progressed, the rf bias was reduced in steps until it was finally turned off at the end of the experiment. For all experimental conditions a point was reached where the SiO 2 etching stopped because the wafer self-bias voltage was too small, and a fluorocarbon film then deposited on top of the SiO 2 film that remained. After all oxide etching data were acquired, the rf bias power was turned off and a thick fluorocarbon layer was grown on the silicon substrate. Then the rf bias power was applied again in order to obtain etch rate data for the fluorocarbon film. In this way Figures 3 and 4 were generated after an analysis of the ellipsometry data.
Wafer self-bias voltages were obtained by the direct application of a dc probe to the top surface of the carrier wafer that held the samples. This probe was insulated from the plasma by covering the exposed tip with Kapton insulating tape. In this way we were able to generate all of the figures that are concerned with dc self-bias voltages. Ion current densities were determined by the use of a Langmuir probe.
XPS studies were also carried out on steady state surface films that exist after partial etching of the SiO 2 film for pres- sures of 10 mTorr and 20 mTorr. In these experiments an inductive power of 1400 W was applied to generate the CHF 3 plasma, and a thin fluorocarbon film was deposited while the bias power was off. Then the bias power was applied at a specific value, and the fluorocarbon film as well as a few hundred nm of the SiO 2 were etched away. When terminating the experiment, inductive power was turned off first followed by the rf bias power. The time interval between turning off the inductive power and the bias power was on the order of 1 s. The sample was then transported under vacuum conditions to an analysis chamber where the XPS analysis was performed. In this way details of the surface composition as a function of rf bias power were obtained. Because these experiments were carried out at different times than those designed to provide the etch rate data, there are some small variations in the etch rates associated with the XPS data and those shown in Figures 3 and 4 . The general deposition/etch rate data were acquired within the same experiment, whereas the etch rate data for the XPS experiments were obtained in individual experiments for each data point with an oxygen plasma cleaning in between. These variations are less than 20% of the average value of the oxide etch rates and are likely to be due to minor adjustments in the ICP device during routine maintenance as well as variations in the chamber conditions from run to run, e.g., the fluorocarbon film present on the walls of the plasma chamber. Because the plasma yields a highly polymerizing film, the chamber walls become rapidly coated with this fluorocarbon. Thus identical plasma conditions are difficult to achieve in separate runs. Even so, the general characteristics of the etch rate behavior are maintained for all experiments. It is apparent from the numerous experiments that we have performed that the crossover from deposition to etching occurs at a different wafer self-bias voltage as the chamber cleanliness changes, i.e., it is a function of the time that the inductive power is on, since we always start with a clean chamber. However, these small variations do not appear to affect the overall behavior of the oxide etching mechanism other than to shift the etch curves by minor amounts with respect to the wafer self-bias voltage.
We have also conducted XPS experiments involving the composition of passively deposited ͑rf bias powerϭ0 W͒ fluorocarbon films on crystalline silicon for a related project, and we include some of these results for passively deposited films using CHF 3 as our reactor gas. These results were obtained using the same technique as the steady state film experiments. The only difference is that they are thick films of between 400 nm and 500 nm, and they are deposited under conditions not involving the application of any rf bias power.
III. EXPERIMENTAL RESULTS

A. Etch rates
The results of our experiments are displayed in Figures 2-15. As shown in Figure 2 , the ion current density decreases as the chamber pressure is raised for 1400 W inductive power. For this reason, the dc self-bias voltage developed at a given bias power always follows the behavior of the pressure. Since the dc self-bias voltage with respect to the plasma determines the ion energies, we find that higher pressures give rise to higher ion energies for a specific bias power.
Figures 3 and 4 were generated by plotting the deposition/ etch rate values versus the corresponding dc self-bias voltages for each given pressure. For consistency with published work, we have taken the dc self-bias voltage as positive although in reality this potential is usually negative with respect to ground. Only at very low bias powers is this potential positive. From an analysis of the curves in Figures 3 and  4 it is apparent that the SiO 2 etch rates as well as the CF x deposition rates are dependent upon the ion energies. However, there are interesting features that indicate that there are other factors to consider. We see dramatic changes in etch and deposition rates for small changes in bias power around the crossover point from deposition to etching. As we move away from these crossover points, the same amount of change in self-bias voltage produces much less of a change in etch and deposition rates.
We see in Figure 3 that the oxide etch /fluorocarbon deposition rates follow similar behaviors as a function of dc selfbias voltage over the entire pressure range. However, the crossover from deposition to etching occurs at lower selfbias voltage for higher pressure. Another interesting observation is that the etch rates tend to become similar above 70-80 V. We also observe that, within the fluorocarbon deposition regime, higher pressures yield lower deposition rates for a given dc self-bias voltage. Our data show that for a pressure of 10 mTorr, ion enhanced deposition is observed for low self-bias voltages. However, we do not observe this at 6 mTorr or 20 mTorr pressures. The spacing of the data points in this low bias region appears to be sufficient for such a behavior to be observed if it were the case.
In Figure 4 , we see that the variations in etch rate as a function of pressure appear to be directly related to the fluorine content of the film being etched. Figure 5 shows the F/C ratio for passively deposited fluorocarbon films as a function of pressure at inductive powers of 1000 W and 1500 W. We observe that passively deposited fluorocarbon films are more fluorine rich at higher pressures. Thus there is a higher probability of forming a volatile CF 4 molecule with each ion interaction with the film. We observe that, for any given self-bias voltage within the etching regime, fluorocarbon films deposited at higher pressures etch at higher rates than those films deposited at lower pressures.
It is apparent that there are three distinct regimes of behavior in the SiO 2 etching process with the ICP reactor much like those outlined by Oehrlein et al. 5 for the ECR apparatus. For dc self-bias voltages of approximately 80 V and above we have the ''reactive sputtering regime.'' For dc self-bias voltages between approximately 80 V and 30 V, we have the ''fluorocarbon suppression regime.'' For dc self-bias voltages below about 30 V, we have the ''fluorocarbon deposition regime.'' These regime limits tend to shift toward lower values with increasing pressure so that at a pressure of 20 mTorr we find the lower limit of the suppression regime to be around 10 V. Figure 6 is our interpretation of this three regime behavior for 1400 W inductive power and 10 mTorr pressure. In Figure 6 we have plotted an ''oxide reactive sputtering curve'' which is described by the following function:
Here we denote the oxide reactive sputtering etch rate with ͑ER͒, the dc self-bias voltage with ͑V dc ), the plasma potential with ͑V p ), the threshold potential (V th ), and A is a proportionality constant. It has been shown that for a reactive sputtering process, also referred to as a chemical sputtering process, the threshold energy is less than 5 eV. 9, 10 We have therefore assumed it to be equal to 5 eV for the construction of our reactive sputtering curve. Thus we can express the ion energy as a constant times the difference between the plasma potential and the wafer self-bias voltage, and therefore the etch rate as a constant times the square root of the difference between the plasma potential and the wafer self-bias voltage minus the square root of the threshold potential. For our experimental conditions, we have calculated the plasma potential to be approximately ϩ31 V.
In Figure 6 we have also added data points from many different etching experiments. We see that there are some variations in etch rates for similar self-bias voltages. We must contribute this to variations in the chamber cleanliness. The most interesting aspect of Figure 6 is the obvious deviation from a pure reactive sputtering type mechanism observed in the etch rate data for self-bias voltages between approximately 25 V and 80 V. In the present study, we also have analyzed the detailed chemical state of the surfaces of oxide samples partially etched under steady state etching conditions. The results presented in Section III B show the presence of a thin steady state fluorocarbon film on the oxide surface within this ''suppression regime.'' The effectiveness of this film in suppressing the etch rate is remarkable due to the extremely low thickness values obtained from an analysis of the XPS results.
When we plot the etch rate ratio of CF x over SiO 2 we obtain the result shown in Figure 7 . It is apparent that, as we increase the self-bias voltage, the selectivity increases steadily until it becomes a constant above approximately 80 V. This is the low end of the regime that we label, oxide reactive sputtering. In Section III B we will now show that this is precisely where the overlying steady state fluorocarbon film is reduced to one monolayer or less.
B. Surface analysis
In an attempt to further understand the mechanisms behind this etching behavior, x-ray photoelectron spectroscopy studies were performed on the steady state surface films obtained during etching. Figure 8 shows the carbon ͑1s͒ XPS spectra obtained for bias powers at 10 mTorr and 1400 W inductive power. The chemical origin of the different peaks is indicated. We see that, as the bias power increases, the fluorine content of the film decreases and the total carbon decreases as well. Figure 9͑a͒ shows the fluorine to carbon ratios of the steady state films on partially etched SiO 2 as a function of dc self-bias voltage. We see that there is a general decrease in fluorine content within the film as the dc self-bias voltage is increased. Figure 9͑b͒ shows the total carbon ͑1s͒ XPS intensity as a function of dc self-bias voltage. A very important feature seen here is that the intensity decreases at a rapid rate with increasing dc self-bias voltage until approximately 80 V is reached. This, in conjunction with the data of Figure 9͑c͒ , implies that there is very little fluorocarbon film present on the SiO 2 for higher dc self-bias potentials. Figure 9͑c͒ shows the total silicon XPS signal intensity as a function of the dc self-bias voltage used in SiO 2 etching for pressures of 10 mTorr and 20 mTorr. We see that at low voltages there is an abrupt change in the signal intensities. As the self-bias voltage is increased, the signal intensities tend to become constant. Above 80 V the silicon signal is generally high around 4-5ϫ10 4 . We have plotted the XPS intensity obtained from an untreated sample for comparison. We see that, above roughly 80 V dc self-bias voltage, the XPS intensity essentially reaches this untreated Si͑2p͒ intensity. Below this value the intensity is much lower. This abrupt decrease in silicon XPS intensity below 80 V in conjunction with the increasing F/C XPS ratios below this same region of dc self-bias voltage observed in Figure 9͑a͒ , as well as the behavior of the SiO 2 etch rates observed in Figure 3 lead us to believe that around 80 V dc self-bias voltage any fluorocarbon film present on the SiO 2 surface is of negligible thickness and for higher dc self-bias voltages its role in the etching process is probably insignificant. However, as the dc self-bias voltage decreases below approximately 80 V, it becomes increasingly important in the SiO 2 etching process. Around 20 V, fluorocarbon film deposition takes over and SiO 2 etching stops. Thus we observe the three distinct regimes of behavior in the SiO 2 etching process with the ICP reactor as shown in Figure 6 . These limits, of course, pertain to the case where the processing pressure is 10 mTorr. These regime limits tend to shift toward lower values with increasing pressure.
C. Etch rate-inverse fluorocarbon film thickness correlation in the fluorocarbon suppression regime
Using the suppression of the XPS Si͑2p͒ peak intensity due to the presence of a thin fluorocarbon film, we have constructed Figures 10 and 11 which show the steady state fluorocarbon film thickness on the silicon dioxide as a function of the dc self-bias voltage for pressures of 10 mTorr and 20 mTorr. We have also plotted the corresponding oxide etch rates. It is observed that, as this steady state film thickness decreases with increasing dc self-bias voltage, the oxide etch rates increase.
The method used in the calculation of the film thicknesses is essentially the same as that outlined by Briggs and Seah, 11 and used by Oehrlein 12 in determining the thicknesses of fluorinated silicon reaction layers in plasma etching systems. The ratio of the observed Si͑2p͒ XPS intensity with a thin fluorocarbon film present (I) to the intensity obtained without any fluorocarbon film (I 0 ) can be expressed as
where ͑d͒ is the film thickness, () is the electron mean free path in the fluorocarbon, and () is the XPS analysis angle taken with respect to the normal to the surface. For our calculations we have taken to be 2.5 nm. If we let I and correspond to a bulk analysis in which case ϭ0°, and IЈ and Ј correspond to a surface analysis in which case Јϭ75°, we have the following set of equations:
From a simple elimination of ͑I 0 ) we obtain dϭ͓cos cos Ј/͑cos Ϫcos Ј͔͒ln͑I/IЈ͒. ͑5͒
Figures 12 and 13 are plots of the inverse steady state film thickness and SiO 2 etch rate versus the dc self-bias voltage displayed on the x axis for pressures of 10 mTorr and 20 mTorr. These graphs display interesting similarities between these two curves, and suggest that a direct relationship exists between the inverse steady state fluorocarbon film thickness and the oxide etching mechanism. These films vary from 
IV. DISCUSSION
A. Pressure crossover in etch and deposition rates as a function of dc self-bias voltage
In Figures 3 and 4 it is observed that higher pressures result in lower fluorocarbon deposition rates for any given dc self-bias voltage. Our explanation of this behavior within the deposition regime is based on the pressure dependence of the average stoichiometry of the ions within the plasma. We have shown in Figure 5 that fluorocarbon films deposited on crystalline silicon when no rf bias power is applied yield XPS spectra that imply that the fluorine content of the film increases with increasing pressure. Because of this phenomenon there should be a greater percentage of volatile fluorocarbon species formed at higher pressure within the film for a given ion bombardment energy. Thus, at any given dc selfbias voltage within the fluorocarbon deposition regime, this mechanism accounts for the reduced deposition rate as a function of increasing pressure. This phenomenon also suggests an explanation for the observed crossover from deposition to etching as a function of dc self-bias voltage. We see from Figures 3 and 4 that this crossover occurs at lower voltages for higher pressures. Thus, it is apparent that, at higher pressure, oxide etching will occur at lower ion bombardment energies than at lower pressure.
B. Oxide etching behavior: Suggestions for possible etching mechanisms
In Figure 6 we observe that, at approximately 80 V selfbias voltage, the oxide etch rate begins to exhibit a behavior that is consistent with reactive sputtering theory and continues to display this behavior as a function of increasing selfbias voltage. Below this self-bias voltage we observe a major deviation from oxide sputtering behavior that indicates that the oxide etch mechanism is changing, and can no longer be described simply by this reactive sputtering model. As suggested by Oehrlein et al. 5 in their ECR study, a fluorocarbon film modifying function needs to be determined that, when applied to the reactive sputtering model, will describe the oxide etch rate within the suppression regime. The boundary conditions for this model should be such that the modifying function equals zero for self-bias voltages at or below the threshold of etching, and is equal to 1 when the steady state film thickness becomes zero. Figures 10 and 11 show that the steady state fluorocarbon film thickness variations within the suppression regimes are less than 1 nm. It appears that very slight variations in the steady state film thickness yield extremely large oxide etch rate variations within the fluorocarbon suppression regime. In suggesting a possible mechanism for this behavior, one must consider that the etching of silicon dioxide requires a reactive sputtering or chemical sputtering mechanism. 13, 14 That is, ion bombardment is required in the presence of reactive species. Either the ions themselves are the species that get converted into a product or, if reactive neutral species are present, then they can also form products with either Si or O. The energy to break Si-O bonds is essential and this requirement is met by energetic ion bombardment. The presence of a thin film within the suppression regime will inhibit etching efficiency by absorbing some of this ion energy. Eventually, as the dc self-bias voltage is increased and the film thickness is reduced, a point is reached where this energy absorbing effect of the film is negligible. At this point the etch rate follows reactive sputtering theory and is directly proportional to the square root of the ion energy.
When in the suppression regime, we must modify the etching model of Equation ͑1͒ in order to explain the observed deviation from reactive sputtering behavior. If the steady state film is indeed the cause of this observed behavior, then we should multiply the above etch rate expression by a modifying function that is a function of the steady state film thickness. We will designate this function as f ͑T͒. Therefore within the suppression regime we will express the etch rate as
ϪV th 1/2 ͔ . ͑7͒ Figure 14 is a graphic representation of this modifying function for 10 mTorr and 20 mTorr pressures. We see that it appears to be a linearly decreasing function within the suppression regime. If the film thickness becomes negligible, we should expect that this function should become a constant equal to 1, and our oxide etch model is reduced to that of Equation ͑1͒. Thus its slope within the reactive sputtering regime should be zero. For our experiments with CHF 3 and an inductive power of 1400 W, the proportionality constant (A) appears to be approximately 45-50 nm/min ͑V͒ 1/2 for both pressures. The linear fits through the data points are nearly the same for both pressures. It appears that the film itself within the suppression regime is directly responsible for the behavior observed there.
As the ion energies increase with increasing self-bias voltage, the steady state fluorocarbon film decreases in thickness, as shown in Figures 10 and 11 , and in fluorine content as shown in Figure 9͑a͒ . The thinning of the film leads to a greater percentage of the ion energy being available for Si-O bond dissociation, while the loss of fluorine indicates that the film is becoming highly crosslinked, and therefore less easily etched. It appears that the two effects work together when passing through the suppression regime. That is, increased ion energies result in thinner and more highly crosslinked fluorocarbon steady state films, while the thinning films themselves allow for a more energetic interaction with the silicon dioxide substrate. At the same time, the increased ion energy associated with a higher dc self-bias voltage results in a higher percentage of the ion energy reaching the silicon dioxide substrate for any given film thickness. Figure 7 shows that etch selectivity of a thick fluorocarbon film to silicon dioxide increases through the suppression regime. Of course, during the etching of the oxide, the thin fluorocarbon film is present. So if one considers that the oxide etch rate is suppressed at low self-bias voltages, one might expect that the selectivity should be higher there than for higher self-bias voltages. However, this is not the case, and it can be explained by the transition from film etching to film deposition at low ion bombardment energy for the fluorocarbon film. The fact that we observe that the selectivity becomes constant for self-bias voltages above the suppression regime indicates that the relative etching processes for these two materials no longer change at that point, whereas in the suppression regime they are changing dramatically.
The ability of SiO 2 to inhibit the formation of a surface film during etching processes involving the use of fluorocarbon gases is well documented. 13, [15] [16] [17] [18] [19] These research efforts have shown that, in the etching of silicon dioxide using fluorocarbon discharges, the liberated oxygen reacts with carbon.
13 Figure 15 shows the atomic carbon surface flux from the plasma and the atomic oxygen liberated from the silicon dioxide. The self-bias voltage where the zero bias carbon flux and the liberated oxygen flux are the same, appears to be roughly 100 V. This is also the approximate voltage at which the oxide etching behavior begins to follow reactive sputtering theory. The systems in the past were low density plasma etching systems and the deposition flux was much lower than what is observed in the ICP. In high-density systems the etching behavior of SiO 2 for low dc self-bias voltage conditions follows that of the fluorocarbon film. The fluorocarbon film deposition and etching behavior dominates the etching response of the oxide. Thus the ''built-in'' chemical ability of the SiO 2 to remove the fluorocarbon film is overwhelmed by the fluorocarbon polymerization ability of a high-density discharge. For this reason, a characteristic of high-density systems is a broad window of ion energy in which suppressed reactive sputtering is observed. Within this window, a steady state surface film is present. This film thickness decreases with increasing ion energy until it becomes negligible, coincident with the oxide etching behavior being characteristic of a reactive sputtering process. In this regime, the fluorocarbon removal ability of the SiO 2 and ion induced etching of the fluorocarbon work together to provide stable oxide reactive sputtering conditions.
V. CONCLUSION
In the etching of silicon dioxide using CHF 3 in an ICP of the planarized coil design, it was observed that a thin fluorocarbon steady state film can play a major role in the regulation of the etch rate. The presence of this film within a broad window of dc self-bias voltage in the etching regime appears to be due to the overwhelming polymerization ability of a high-density discharge. We have found that within this fluorocarbon suppression regime, the thickness of this thin steady state fluorocarbon film is directly related to the observed lowering of the oxide etch rate from that of a reactive sputtering process. A decrease in fluorine content within the film is observed as the rf bias potential is increased within the fluorocarbon suppression regime. This decrease in fluorine content occurs as the steady state film thickness decreases. As ion energies increase, fluorine is depleted from the steady state film due to the formation of volatile products, leaving a carbon rich highly crosslinked monolayer. The mechanism within the fluorocarbon suppression regime by which the SiO 2 etch rate is depressed from that expected for pure reactive sputtering appears to be due to a complex process of ion energy dissipation within the overlying fluorocarbon film. The effect of the thin film on etch rate suppression is dramatic in that it can cause variations in the SiO 2 etch rate of 300-400 nm/min for only about 2 monolayers of film.
